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We report on the g factor measurement of the isomeric 7− state (E∗ = 2219 keV, T1/2 = 5.9(8) μs) in
the neutron-rich 126Sn nucleus. The nucleus was produced by the ﬁssion of a relativistic 238U beam and
reaction products were selected by the FRS fragment separator at GSI. For the ﬁrst time, spin-alignment
was observed after relativistic ﬁssion. It was used to deduce the g factor of the 7− isomeric state, g(7−) =
−0.098(9), from the measured perturbed angular distribution of its γ decay using the RISING Cluster
detectors. The observed value conﬁrms the suggested ν(h−111/2d
−1
3/2) dominant conﬁguration, which has
been proposed for the 7− isomers in neutron-rich Sn isotopes. The failure of the g factor additivity
rule and the importance of core polarization evolution with increasing distance from the doubly-magic
132Sn is discussed. The ﬁrst observation of 18(8)% of spin-alignment produced by the relativistic ﬁssion
of a 238U beam paves the way to study moments of neutron-rich (sub-)microsecond isomers, which are
diﬃcult to align by other means.
© 2010 Elsevier B.V. Open access under CC BY license.The availability of beams of exotic radioactive nuclei for
detailed spectroscopic studies, has allowed the observation of
changes in the structure of atomic nuclei when going from sta-
bility, both to proton- and neutron-rich regions. Near the Z = 50
shell closure for example, the persistence of the N = 82 shell gap
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Open access under CC BY license.is being debated for neutron-rich isotopes below the doubly-magic
132Sn [1–4]. Magnetic moments of isomeric states may serve as
ideal probes to test nuclear models and effective shell-model inter-
actions in this neutron-rich region near the r-process path. Many
microsecond isomers have been observed in this region, mainly
using neutron-induced ﬁssion reactions [5], β-decay [6] and more
recently also using relativistic ﬁssion [4,7] and fragmentation [8].
Magnetic moments of high-spin isomeric states provide key infor-
mation on the nature of their single-particle conﬁguration, and can
be directly compared to predictions with different models.
306 G. Ilie et al. / Physics Letters B 687 (2010) 305–309In order to study electromagnetic moments of isomeric states,
one needs spin-aligned nuclear ensembles. Through the observa-
tion of the rotation of the nuclear spin-aligned ensemble, as a
time-dependent change of the γ -ray angular distribution (TDPAD)
in a magnetic ﬁeld, the nuclear g factor can be measured [9]. Spin-
aligned isomeric nuclear states are produced in several types of
nuclear reactions [10]. The diﬃculty is to maintain the alignment
up to the implantation point in cases where in-ﬂight selection
is performed. At relativistic beam energies, the ﬁrst observation
of spin-alignment in isomeric beams was reported by Schmidt-
Ott [11] using the projectile fragmentation reaction. For neutron-
induced ﬁssion and relativistic ﬁssion reactions, alignment has not
been observed yet and the reaction mechanism to produce ori-
ented states via relativistic ﬁssion is not completely understood.
However, spin-alignment is known to exist in spontaneous ﬁssion
[12] and has been used to study the g factor of the 6+ isomer in
134Te [13].
The aim of the experiment reported here is to prove, for the
ﬁrst time, the presence of spin-alignment in projectile ﬁssion at
relativistic energies. At the same time, the g factor of the 7−
isomeric state at 2219 keV in the neutron-rich isotope 126Sn [6]
was investigated. It is expected to be small due to the opposite
sign of contributions by d3/2 and h11/2 neutrons in the leading
(d3/2h11/2)7− conﬁguration. Therefore it provides a crucial probe
for small components in the wave function and for studying core
polarization evolution away from 132Sn. The experiment was per-
formed at the GSI facility, where a 238U beam was accelerated
up to 750 MeV/u by the SIS-18 synchrotron, with a mean in-
tensity of 108 pps. The beam impinged on a 1 g/cm2 9Be target
placed at the entrance of the FRS spectrometer [14] operated in
achromatic mode, allowing the selection of one charge state per
element. A 221 mg/cm2 Nb stripper foil was mounted behind the
Be target in order to produce more than 99% of fully stripped frag-
ments (as calculated with the LISE++ simulation code [15]). Fully
stripped fragments are required to maintain the eventual reaction-
induced spin-alignment during transport through the FRS [16].
The nuclei of interest were selected and identiﬁed in two
stages. In the ﬁrst part of the FRS spectrometer, a selection in
the longitudinal momentum distribution was carried out, in or-
der to select a spin-aligned ensemble of isomers. As it has been
shown already in fragmentation, that the spin alignment in the
selected ensemble can be understood by simple kinematical argu-
ments, and is related to its longitudinal momentum [11,17,16,18].
Similar arguments can be used to understand how spin-alignment
can be produced in a relativistic-ﬁssion reaction, considering the
spin-alignment process that is known to exist in spontaneous ﬁs-
sion [12]. In such a ﬁssion process, two fragments are emitted
back to back with equal momenta in the center-of-mass system
and their spins are preferentially oriented in a plane perpendicu-
lar to their emission direction. Thus if a cone of the ensemble of
fragments emitted into 4π is selected, an oblate-aligned ensemble
is obtained with the alignment symmetry axis along the emission
direction [13]. When the ﬁssioning nuclei have a relativistic en-
ergy, the ﬁssion fragments are emitted in a forward focussed cone,
with a velocity that is spread around the beam velocity. Fragments
with a lower/higher velocity correspond to ﬁssion products that
were emitted anti-parallel/parallel to the beam direction. Thus by
selecting the higher or lower part of the longitudinal momentum
distribution of the ﬁssion fragments, an oblate spin-aligned ensem-
ble could be obtained whereby the spins are aligned perpendicular
to the beam direction. The FRS was tuned to select the higher part
of this distribution on the group of ﬁssion fragments with Z = 50.
Using the Monte Carlo simulation code MOCADI [19] the calcu-
lated kinematic properties of 126Sn ions produced in the reaction
are presented in Fig. 1. The longitudinal momentum distributionFig. 1. MOCADI simulation of the distribution of the 126Sn fragments after ﬁssion of
238U at 750 MeV/nucleon. The acceptance of the FRS (red curve) is marked with
a rectangular window. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this Letter.)
of the fragments is proportional to the magnetic rigidity (Bρ) and
was measured by a position-sensitive scintillator detector. In front
of it, we keep the slits fully open. Fig. 1 simulates the total ﬁssion
fragment longitudinal momentum distribution. The momentum ac-
ceptance of the FRS, which is only 2% of this total distribution, is
indicated around the selected window. Fig. 1 illustrates the lim-
itation of the spectrometer and the diﬃculty in selecting ﬁssion
fragments. Based on previous studies a cut was made in the lon-
gitudinal momentum close to the maximum value of the magnetic
rigidity (Bρ).
Once this momentum selection was performed, a further se-
lection was accomplished using an achromatic Al wedge shaped
degrader of 5 mg/cm2 at the intermediate focal plane (more than
90% of the ions remained fully stripped after they passed this de-
grader). The identiﬁcation of the reaction products in A/q and Z
was performed in the second half of the FRS using the various de-
tectors in the beam line, see [20] for details. The settings of the
FRS allowed to select only fully stripped ions at the ﬁnal focal
point. The probability for electron pick-up in this ﬁnal part of the
beam line has been limited to less than 10% [21] by limiting the
thickness of the ﬁnal energy degrader just in front of the experi-
mental set-up. After this degrader and before entering the set-up
the beam intensity was 2.2 × 104 ions/s and the energy about
300 MeV/u. We expect a value for the isomeric ratio, around 10%,
similar to the one obtained in [22]. In order to suﬃciently reduce
the beam energy prior to implantation in the Cu host, a 20 mm
plexi-glass degrader has been ﬁxed to the Cu stopper [16]. An air
gap between the plexi-glass degrader and the stopper was avoided
by putting a thin layer of grease between them. Thus the randomly
oriented electron spins were decoupled from the nuclear spins as
soon as the isomers reached the plexi-glass degrader and up to the
implantation point in the Cu host, allowing to maintain the nuclear
spin-alignment. Because the FRS is a zero-degree fragment sepa-
rator, the spin-alignment symmetry axis is parallel to the beam
axis at the implantation point [16]. The spin-aligned beam was
implanted into an annealed high-purity 2 mm thick Cu foil (cubic
lattice structure), placed between the poles of an electromagnet
providing a vertical magnetic ﬁeld of B = 7000(10)G , whose di-
rection was periodically switched. A plastic scintillator at the focal
plane of the FRS, placed upstream of the magnet, was used to pro-
vide the t = 0 signal for the γ -decay measurement, based on an
event-by-event ion–gamma correlation [16]. The isomeric γ decays
were measured during a 16 μs time window by the RISING array
composed of eight former EUROBALL Cluster detectors [23], each
containing seven encapsulated HPGe crystals. Each crystal had a
relative eﬃciency of ∼ 60% and an energy resolution of ∼ 2 keV
at 1332 keV. The detectors were placed in the horizontal plane
at ±45, ±75, ±105 and ±135 degrees relative to the beam direc-
tion. The prompt atomic background radiation was eliminated from
the γ -spectra by placing a hardware gate of 600 ns, thus making
G. Ilie et al. / Physics Letters B 687 (2010) 305–309 307Fig. 2. The measured γ rays emitted after the decay of the isomeric states in 126Sn (left) and the partial level scheme (right).Fig. 3. (Color online.) Time distribution of the γ rays deexciting the isomeric levels
in 126Sn. Top: For the 269 keV line. Bottom: For the sum of γ rays with energies
909 keV and 1141 keV.
time analysis prior to this time impossible. More details on the ex-
perimental set-up and measuring procedure can be found in [21],
while information of the data taking and analysis procedures are
described in [20]. Data was analyzed using the Spy/Cracow soft-
ware [24].
Two previously known microsecond isomeric states in 126Sn
have been populated (Fig. 2) [6,25]. Decay curves are obtained
from the γ -time matrix by subtracting from each peak-decay curve
a time spectrum produced in a background region near the peak.
For the 269 keV decay from the 10+ isomer a half-life T1/2(10+) =
7.5(3) μs (Fig. 3 top) is found, in good agreement with the earlier
reported value of 7.7(5) μs [25,26]. The decay curve of the 7− iso-
meric level consists of two components: the direct decay from 7−
isomers implanted at t = 0 and the growth-decay curve originating
from 10+ isomers decaying into the lower one after implantation.
The two component ﬁt of the time spectrum of the 909 keV +
1141 keV, performed by keeping the half-life of the upper 10+ iso-
mer ﬁxed, allowed the half-life of T1/2(7−) = 5.9(8) μs (Fig. 3 bot-
tom) and the ratio of the direct isomer population N7/N10 = 0.9(2)
to be determined. The deduced half-life is in good agreement with
the previously reported value 6.6(1.4) μs [6].
For the g factor determination the time-differential perturbed
angular distribution (TDPAD) method [9] has been used. The
background-corrected and normalized time spectra measured for
the two ﬁeld directions (up and down), are combined to produce
the experimental R(t) spectrum:
Rexp(t) = Y (t, Bup) − Y (t, Bdown)
Y (t, Bup) + Y (t, Bdown) (1)
Time spectra gated on the 909 keV and 1141 keV transitions reg-
istered at the angles θ = ±45 and θ = ±135, with respect to thebeam direction have been used to create an R(t) spectrum with
maximum amplitude (see [21] for details). The oscillation ampli-
tude of the R(t) spectrum created with the detectors placed at
θ = ±75 and θ = ±105 is reduced by a factor of two compared to
that of the R(t) created with detectors in the geometry θ = ±45
and θ = ±135. In the present experimental conditions, character-
ized by a rather low degree of the nuclear alignment (see be-
low), the R(t) spectrum corresponding to the detectors placed at
θ = ±75 and θ = ±105 did not evidence any oscillation, and there-
fore these data were not included in the analyses.
In the present case two cascade decaying isomeric levels with
comparable half-lives are simultaneously populated in the nuclear
reaction. The modulation ratio corresponding to γ rays that de-
populated the upper 10+ isomeric state could not be ﬁtted due to
the low statistics for the 269 keV γ ray. The g factor of the 10+
state has been assumed to be g(10+) = −0.243 (the average value
measured for the 11/2− states in the neigbouring odd isotopes
[27] with a similar (νh11/2) hole conﬁguration). The g factors for
the 10+ state have been measured in 116Sn and 118Sn, with val-
ues of −0.2326(15) and −0.2447(7), respectively, and they agree
within 7% with the g factors of the 11/2− states in neighbour-
ing odd-mass Sn [27]. A shell-model calculation [20,29] predicts
gSM(10+) = −0.238, agreeing well with this estimated value. The
R(t) ratio for the 269 keV γ ray, constructed with a time cal-
ibration appropriate to observe the fast Larmor oscillations cor-
responding to the expected g factor, has large statistical errors,
about 0.15 (three times larger than the errors of the R(t) for
909 + 1141 keV, see Fig. 4 below). These large errors prevented
the observation of low amplitude oscillations corresponding to the
small alignment degree of this experiment (see below).
The experimental R(t) spectrum for the sum of 909 and
1141 keV γ rays de-exciting the lower lying 7− isomer is illus-
trated in Fig. 4a. In this case the modulated intensity is composed
of two contributions: the cascade component coming from the 10+
state and the direct component coming from the reaction. The cal-
culated modulation ratio, depending on the Larmor frequencies
ω10 and ω7 that are describing the precession in the states 10+
and 7−, respectively, has the form (see Ref. [28]):
R(t) = b2
1+ A(t) cos2(θ − ω7t) +
A(t)
1+ A(t) Rcasc(t,ω7,ω10) (2)
where
Rcasc(t,ω7,ω10)
= b2 cosα
[
cos
[
2(θ − ω10t) − α)
]
+ 2(1− e
λt)−1 sin[2θ − (ω7 + ω10)t − α] sin
ωt] (3)
and
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N7
λ10

λ
(
e
λt − 1)

λ = λ7 − λ10, with λi = ln2
T1/2

ω = ω7 − ω10
α = arctan(2
ω/
λ)
The values for the decay constants λ10 and λ7 and the ratio
N7/N10 of the population of the two isomeric levels have been
extracted from the lifetime analysis. The amplitude of the oscilla-
tion b2 is given by b2 = 34 A2, where A2 is the angular distribution
coeﬃcient dependent on the transition type and on the degree of
spin alignment. The same coeﬃcients b2 were assigned to the di-
rect and cascade decays, assuming identical alignments for the two
isomers.
The contribution of the term Rcasc was dramatically reduced
in our case on account of the cosα factor, which for the large
applied magnetic ﬁeld of 7 kG took a value of 0.0008. Therefore
for ﬁtting the experimental R(t) only the ﬁrst term in expression
(2) was used, with the amplitude b2 and the Larmor frequency
ω7 = g(7−)Bμnh¯ as free parameters. As seen in Fig. 4a, the observed
damping is well accounted for by the time-dependent amplitude
1
1+A(t) . From the least-squares analysis of the modulation curve,
the g factor of the 7− isomer g(7−) = −0.097(9), and the ampli-
tude b2 = 0.07(3), have been derived.
Since the period of the Larmor precession (∼ 1 μs, see Fig. 4a)
is shorter than the lifetime of the isomer (5.9(8) μs), an autocorre-
lation analysis was performed [16]. The calculated autocorrelation
function (ACF(n)) has the form:
ACF(n) =
k2−n∑
k=k1
f (k) f (k + n)
k2 − k1 − n
/ k2∑
k=k1
f 2(k)
k2 − k1 (4)
where f (k) represents the experimental data as a function of the
channel number k, k2 − k1 is the observation window and n is
the folding back window (n  k2 − k1). The information from a
7 μs window have been folded back into a 2 μs time window (see
Fig. 4b). In the present experimental conditions and due to the
smearing out of the oscillation pattern after 8 μs only data up to
7 μs have been included in the autocorrelation analysis to obtain
the optimal amplitude. If data from later times are included the
amplitude of the autocorrelation function is reduced. Fitting the
autocorrelation data leads to a g-factor value of 0.103(6), which isTable 1
Experimental g factor for the 7− isomer in even mass Sn isotopes compared to
shell-model calculations.
Isotope Ex (keV) T1/2 gexp gfree geff 1 gcp2
114Sn 3088 765 ns −0.0806(5)3
118Sn 2575 217 ns −0.0978(6)3
126Sn 2219 5.9 μs −0.098(9) −0.081 −0.057 −0.082
128Sn 2092 6.5 s −0.076 −0.054 −0.070
130Sn 1947 1.7 m −0.0544(4)4 −0.067 −0.048 −0.048
1 SM gs(ν) = −2.513 and gl(ν) = −0.0039.
2 SM corrected for A dependence of core polarization.
3 Ref. [33].
4 Ref. [34].
in good agreement with the value obtained from ﬁtting the raw
R(t), see Fig. 4b. Note that in this case phase and amplitude have
no longer a physical meaning.
As a last step, we have performed a Fast Fourier analysis (FFT),
which reveals a peak at 2ωL = 6.2(6) MHz (Fig. 4c), corresponding
to a g factor of 0.092(9), in agreement with the values deduced by
the other analysis procedures.
As a ﬁnal value, we adopt the mean from the different analysis
procedures, resulting in g(7−) = −0.098(9).
In Table 1 this value has been compared to the g factors of
other 7− states in even-Sn isotopes with main quasi-particle con-
ﬁguration (h−111/2d
−1
3/2). The Schmidt value for this conﬁguration is
gschmidt = −0.11, which is close to the observed experimental val-
ues and conﬁrms that this is the leading conﬁguration of these
isomers. The extreme sensitivity of g(7−) to small components
in the wave function due to the partial cancellation of the d3/2
and h11/2 contributions of opposite sign allows a more detailed
discussion. Extended untruncated shell-model calculations in the
full N = 50–82 neutron space (g7/2,d5/2,d3/2, s1/2,h11/2), were re-
cently performed for the whole Sn region down to 124Sn, using
a realistic two-body interaction based on the CD-Bonn interaction
and 88Sr as a core [20,29]. The obtained g factors using free and
effective single nucleon values are given in Table 1. Effective neu-
tron g factors gs = −2.513 and gl = −0.0039 were adjusted to
the experimental single hole values for d3/2 and h11/2 in 131Sn.
Fair agreement with experiment is observed from 130Sn to 126Sn,
but the increase of |g| with increasing distance from 132Sn is
only qualitatively reproduced. Note that for 126Sn a slightly bet-
ter agreement is observed if free g factors are used, which will
be further discussed. Moreover, additivity of g factors is consider-
G. Ilie et al. / Physics Letters B 687 (2010) 305–309 309Fig. 5. g Factors for Iπ = 7− states in even Sn isotopes. The full line represent geff
and the dashed gcp from Table 1. Directly measured values (red circles) are com-
pared to SM results. The error on the g factor in 130Sn is smaller than the symbol
size. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this Letter.)
ably violated for 130Sn and 126Sn, yielding values of −0.0756(10)
and −0.0826(10), respectively, as calculated from the experimen-
tal g(3/2+) and g(11/2−) in the neighboring odd-A isotopes. These
values are nicely reproduced using shell-model values for the 3/2+
and 11/2− states, yielding additivity values of −0.076 and −0.077
for 130Sn and 126Sn. These values, however, are quite different from
the calculated g(7−) (see Table 1), indicating that admixtures of
different origin appear in the Iπ = 7− and the Iπ = 3/2+ , 11/2−
wave functions. The respective components amount to less than
2% of the wave function, yet they have a strong inﬂuence on the
calculated moments.
The too weak A dependence of the shell model g(7−) values
may be due to the fact that a common effective operator cannot
account for partial blocking of core polarization with increasing
distance from 132Sn as this is not covered by the present valence
space. The main core polarization conﬁgurations for the M1 oper-
ator in this region are the neutron ν(h−111/2h9/2) and the proton
π(g−19/2g7/2) N = 82 and Z = 50 cross-shell excitations [30] be-
sides the ν(d−15/2d3/2) which is included in the shell-model valence
space. Corrections due to the A dependence (blocking and mixing)
of core-excited conﬁgurations were calculated with an interaction
and valence space used recently for core excited states in 132Sn
and 131In [4]. Free nucleon g factors were used which account for
the experimental νd3/2 and νh11/2 g factors in 131Sn. The results
are shown in the last column of Table 1 and account very well for
the experimental g factor trend (Fig. 5). Core polarization amounts
to 4.8% (130Sn) to 2.5% (126Sn) of the wave function, conﬁrming the
increased blocking as one moves away from 132Sn. The corrections
should be regarded as a trend estimate, as they were obtained in
a different model space with a different interaction. We note that
this approach also reproduces the absolute values and A depen-
dence of the d3/2 and h11/2 quasi-particle states in 125−131Sn. All
shell model results in the present work were performed with the
code OXBASH [31].
Apart from extracting the g factor for this isomeric state, an-
other goal of this work was to establish whether and how much
alignment can be produced in a relativistic ﬁssion reaction. The
amplitude of the experimental R(t) curve (Fig. 4a) is indeed re-
lated to the amount of alignment that is present in the implanted
ensemble of isomers [18]. From the experimental amplitude b2 =
0.07(3), and considering the angular distribution coeﬃcient for
total alignment Amax2 = 0.51 [32] for the stretched E2 cascade
(4 → 2 → 0), we ﬁnd an alignment A = 18(8)%. Herewith, we
have proven for the ﬁrst time that isomers produced in a rela-
tivistic ﬁssion reaction and subsequently selected as fully-strippedions through a fragment separator, are aligned and can maintain
their alignment during the in-ﬂight selection process. The observed
amount is similar to that observed for fragments produced in an
intermediate- or high-energy projectile fragmentation reaction (or-
der of 10–20%).
In conclusion, for the ﬁrst time a spin-aligned isomeric ensem-
ble was observed in a relativistic-ﬁssion reaction. A comparison
with the shell-model calculation for the g factor of the 7− state
in 126Sn supports the assigned conﬁguration and reveals details
on small admixtures in the wave functions both from inside and
outside the pure neutron model space. The amount of spin align-
ment deduced from this experiment and the fact that it can be
maintained during the in-ﬂight selection process, opens the pos-
sibility for further investigations on electromagnetic moments of
exotic nuclei produced in relativistic ﬁssion.
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